Studies investigating the effect of carbon nanotubes (CNTs) on the bioavailability and toxicity of 13 hydrophobic organic compounds in aquatic environments have generated contradictory results, 14 and the influence of different CNT properties remains unknown. Here, the adsorption of the 15 
INTRODUCTION 32
The production of carbon nanotubes (CNTs) is increasing due to their incorporation into a 33 growing number of applications, including in composite materials and environmental 34 technologies.
1, 2 Due to their hydrophobicity and tendency to aggregate and settle, a significant 35 proportion of CNTs released into the environment are assumed to accumulate in sediments.
36
However, the adsorption of colloidal and dissolved natural organic matter (NOM) to CNT 37 surfaces has been found to increase the dispersion stability and water column residence time of 38
CNTs in aqueous media, significantly influencing their environmental fate and behavior. [4] [5] [6] [7] [8] . 39
CNTs are potent adsorbents of hydrophobic organic compounds (HOCs), making them 40 interesting e.g. in remediation of contaminated sites or in wastewater treatment. 2, 9, 10 This raises 41 questions with respect to their effect on the fate, bioavailability and toxicity of HOCs, including 42 polycyclic aromatic hydrocarbons (PAHs) which are common pollutants in natural 43 environments. CNT adsorption of HOCs is influenced by several factors, including the CNT 44 physicochemical properties, CNT dispersion state, the presence of NOM and media properties. fish. [16] [17] [18] [19] Moreover, adverse effects as a direct result of CNT exposure have been observed in 49 algae, daphnids and fish. 4, 17, 18, [20] [21] [22] [23] Further studies have investigated the adsorption of HOCs by 50
CNTs or other carbon-based nanomaterials (CNMs), such as fullerene C60, and the subsequent 51 bioavailability and toxicity of these contaminants to aquatic organisms. Only freely dissolved 52
HOCs are considered bioavailable to aquatic organisms, and the adsorption to CNMs has been 53 suggested to reduce HOC bioavailability. However, studies have shown contradictory findings. 54
Phenanthrene toxicity to daphnids. D. magna were cultivated in Elendt M7 medium at 20 ± 2 122 °C. Prior to testing, they were kept under a 16-hour light and 8-hour dark cycle and fed with the 123 freshwater algae P. subcapitata. A modified version of the OECD Daphnia sp., Acute 124
Immobilisation Test 29 was used to assess phenanthrene toxicity to daphnids, using 3-4 days old 125 daphnids. Pre-tests showed that for newborn organisms (< 24 h, as recommended in the OECD 126 test guidelines) attachment of CNT aggregates to the animals could cause mechanical 127 immobilization. Although mechanical immobilization could be considered as a physical 128 mechanism of toxicity, it is suggested this would not be of significant relevance in natural fresh 129 waters where CNT concentrations are expected to be low. To minimize the risk of mechanical 130 influence of the CNTs, larger 3-4 day old animals were used. 131
132
The daphnids were exposed to phenanthrene spiked into M7-NOM at five different 133 concentrations (70 µg/L, 126 µg/L, 227 µg/L, 408 µg/L and 735 µg/L) in order to determine the 134 effect concentrations. Five animals were carefully pipetted into 20 mL exposure solution 135 contained in 22 mL glass vials with PTFE lined screw caps (Agilent Technologies, Inc.), 136 maintaining a headspace of 1-2 cm. Four replicates were included at each phenanthrene 137 concentration. The animals were exposed for 48 hours in darkness at a temperature of 19.6 ± 0.3 138 °C, after which the number of immobilized animals was counted. Abnormalities, including 139 mortality and disoriented animals, were also recorded. Negative controls for M7 (n=8), M7-140 NOM (n=32) and methanol dissolved in M7-NOM (which was used as a solvent for 141 phenanthrene, 7.35 µg/L; n=8) were included in the study. Dissolved oxygen (dO2) and pH was 142 determined in the sample solutions at the start and end of the exposure. 143 144 A total of six tests with phenanthrene-only (i.e. without the presence of CNTs) were performed 145 in order to investigate the variability of the test. Four of the tests were performed using the same 146 batch of daphnids, while two tests were performed with different batches of the daphnids, giving 147 very good control of test variability both within one batch and between different batches of 148 daphnids. Based on these data, effect concentrations causing 50% immobilization of D. magna 149 (EC50) resulting from exposure to phenanthrene-only were calculated. Furthermore, the EC30 and 150 EC70 values were calculated and used as a control for biological variability throughout the rest of 151 the study (i.e. in the tests subsequently performed with CNTs). This was done by exposing 152 daphnids to phenanthrene-only at the concentrations corresponding to the calculated EC30 and 153 EC70 values, and verifying that the responses were similar in all tests. The calculations and 154 statistical analysis were performed using GraphPad Prism 6.0. EC values were calculated from 155 nonlinear fit/concentration-response stimulation (log(agonist) vs. response), using an ordinary fit 156 (least squares) and variable slope, with bottom and top constrain set as 0% and 100%, 157 respectively. Statistical differences between groups were tested using analysis of variance 158 (ANOVA) with Tukey's post hoc test. 159
160
Phenanthrene toxicity in the presence of CNTs. The CNT dispersions were prepared as 161 described, spiked with five nominal concentrations (Cnominal) of phenanthrene (70-735 µg/L) and 162 divided into aliquots of 20 mL contained in 22 mL glass vials. The phenanthrene Cnominal range 163 used was identical to that of the test with pure phenanthrene (no CNTs). The samples were left 164 on an orbital shaker (165 rpm) in darkness for five days to ensure adsorption equilibrium. 11, 30 165 Once equilibrium had been achieved, five daphnids were placed in each sample vial and exposed 166 for 48 h under identical conditions as those used in the phenanthrene-only toxicity test described 167 above. Four replicates at each Cnominal were used. Immobilization and abnormalities (CNTattachment to the animals, mortality and disoriented animals) were recorded after the 48 hours. 169
Controls containing only CNTs (CNT dispersions without phenanthrene) were included to 170 account for any toxicity due to the CNTs themselves. In addition, animals were exposed to 171 phenanthrene-only at the calculated EC30 and EC70 from the phenanthrene-only tests to control 172 for any biological variability (as previously described and can therefore only be considered as estimates. However, as surface area is likely to be an 210 important factor in controlling adsorption and to have a potentially decisive effect on co-211 contaminant bioavailability and toxicity, 11, 13, 32 these estimates offer a useful measure for 212 interpreting the results generated in the subsequent toxicity studies. diameter and dispersibility. 6 The dispersion concentrations for the four functionalized and non-220 functionalized MWCNTs were all very similar, being in the range 2.29-2.62 mg/L (23-26%). 221
Interestingly, this is in contrast to our previous study using the same CNTs in algae medium with 222 NOM, where higher dispersed concentrations were observed for the functionalized MWCNTs 223 than for the non-functionalized MWCNTs.
11 Previous studies have shown a positive relationship 224 between surface oxygen content and dispersibility.
6 However, artificial freshwater containing 225 high concentrations of divalent cations and NOM has been shown to reduce the effect of CNT 226 surface oxygen on dispersibility. 33 The Elendt M7 medium used in the current study is more 227 complex and has a higher ionic strength and concentration of divalent cations than the algae 228 medium used in our previous study.
11 The specific conductivity (measure of ionic strength) for 229 Elendt M7 and the algae medium is 658 and 161 µS/cm, respectively, while the Ca 2+ 230 concentration (calculated from the media composition 29, 34 ) is 2.0 and 0.1 mM, respectively. As 231 the same CNTs, dispersion method and NOM concentration was employed in both studies, it is 232 suggested that the Elendt M7 medium composition is causing the comparable dispersion 233 concentrations for functionalized and non-functionalized MWCNTs. It is therefore important to 234 consider the role of aquatic ecotoxicity media recommended for different species in standard 235 tests. This also highlights the importance of such parameters in natural waters and the role they 236 will have on CNT behavior in the aquatic environment. 237 238 Phenanthrene adsorption to CNTs. The determination of phenanthrene Cfree showed 239 significant phenanthrene adsorption to all five types of CNTs. When present at their individual 240 maximum dispersion concentrations shown in Table 1 , the five CNTs adsorbed 25-50% of the 241
Cnominal phenanthrene over the concentration range tested (70-735 µg/L; Figure S2 ). The 242 adsorption isotherms are presented in Figure 1 , and adsorption capacity and adsorption affinity 243 for each of the CNTs, described by the DAM parameters log Q 0 and E, respectively, are 244 presented in Table S2 . Furthermore, Cfree as a function of nominal phenanthrene concentrations 245 (Cnominal) is presented in Figure S3 . As the adsorption data used for model fitting was based on 246 single data points, no statistical tests of the data were performed. The use of single data points 247 was based upon (i) high reproducibility was observed between the replicates from adsorption 248 studies in our previous study employing the same method 11 , (ii) the DAM provided a strong fit 249 for the single data points generated in the current study, and (iii) the calculated maximum 250 adsorption capacities were highly comparable between the current and previous study for the 251 non-functionalized MWCNTs. The generated adsorption isotherms and the fitted parameters 252 contribute valuable information for comparison of adsorption behavior between the different 253 CNT types in the M7 Elendt media. 254
255
The data showed a higher Q 0 of SWCNT compared to the MWCNTs. This is in accordance with 256 our previous study using the same CNTs with algae medium and NOM, 11 and with other reports 257 demonstrating a positive correlations between CNT SSA and Q 0 . 32 Interestingly, no relationship 258 between CNT surface oxygen content and Q 0 was observed in the current study. This was further 259 supported by the adsorption isotherms, which were similar for both functionalized and non-260 functionalized MWCNTs ( Figure 1A) . These data are in contrast to previous observations using 261 the same CNTs in algae medium and NOM 11 and to other studies where a decrease in Q 0 with 262 increasing surface oxygen content has been observed. 12, 32 The Q 0 of the non-functionalized 263
MWCNTs was very similar in both our current (8.28 µg/kg and 8.37 µg/kg for MWCNT-15 and 264 MWCNT-30, respectively) and previous studies (8.22 µg/kg and 8.39 µg/kg for MWCNT-15 265 and MWCNT-30, respectively). However, a higher Q 0 was observed for the functionalized 266
MWCNTs in the current study, with values being similar to those of the non-functionalized 267
MWCNTs. For example, the Q 0 of MWCNT-COOH in the current study was 8.20 µg/kg, 268 compared to 7.64 µg/kg in the previous study. Normalizing the data against the estimated 269 available surface area allows for further investigation of the effect of surface chemistry. Using 270 data from our previous study, surface area normalized adsorption isotherms of the functionalized 271
MWCNTs, in particular for MWCNT-COOH, differed from those of the non-functionalized 272 MWCNTs ( Figure S4 ). This indicated a suppression of phenanthrene adsorption due to the 273 presence of oxygen containing surface functional groups. In the current study, normalizing the 274 adsorption isotherms against the estimated available surface area resulted in very similar 275 adsorption isotherms for all MWCNTs irrespective of surface chemistry ( Figure 1B) . In the M7-276 NOM medium, the presence of functional groups does not appear to influence phenanthrene 277 adsorption to CNTs significantly. We have already demonstrated that media properties (ionic 278 strength, concentration of divalent cations) can influence the role of CNT surface chemistry on 279
CNT dispersibility. The current study also indicates that media properties are of importance with 280 respect to the role of CNT surface chemistry on adsorption behavior. Media properties have been 281
reported to affect adsorption of NOM to CNTs, 33 but there is limited knowledge regarding the 282 effect of media properties on the adsorption of HOCs, such as phenanthrene, to CNTs. Further 283 studies are required to assess the role of aquatic media properties on adsorption behavior, as it 284 would also have implications for the further effect of CNTs on co-contaminant bioavailability 285 and the process of HOC adsorption in different aquatic environments. 286
287
In the current study, no clear relationship was observed between CNT properties and E. Similar 288 observations were made in our previous study with the same CNTs in algae medium.
11 It has 289 been previously reported that E of PAHs (pyrene) to CNTs varied with the type functionalization 290 when dispersed by shaking. However, treatment with sonication removed differences in E 291 between different CNT types, but also resulted in an overall increase in E for all CNT types.
292
The presence of NOM has been shown to reduce E.
14 Despite the identical sonication treatment 293
and SR-NOM concentration used in both our current and previous studies 11 , slightly lower E 294 values were observed for all CNTs in the current study, in particular for the MWCNTs. Again, 295
this suggests an influence of media properties on CNT adsorption behavior, which should receive 296 attention in future studies. 297
298
Phenanthrene toxicity to daphnids. In all of the control exposures (pure Elendt M7, M7-NOM 299 and M7-NOM with methanol) <10% of the animals were immobilized, meeting with the OECD 300 test criteria. This confirmed there was no toxicity that could be attributed to the M7 media, the 301 presence of NOM or from the methanol used for dissolving phenanthrene. There were no 302 variations in pH outside the recommended range in any of the tests, and the dO2 concentration at 303 the end of the experiment was well above the validation criteria (>3 mg/L) of the test guideline. 304
305
The percentage immobilization of daphnids as a function of phenanthrene concentration for the 306 six individual tests performed is presented, together with the calculated EC50 values, in Figure  307 S5. Although the Cfree (i.e. the measured phenanthrene concentration in the water phase) varied 308 by <10% from Cnominal at all phenanthrene concentrations tested in the absence of CNTs, dose-309 response curves were calculated both for Cnominal and Cfree. This was done as the response of D. 310 magna to phenanthrene exposure was subsequently compared in the absence and presence of 311 CNTs, both for Cnominal and Cfree. The CV of the calculated EC50 values for the six tests was <6%. 312
As the variability between the tests was low, the data from the six tests were pooled in order to 313 create an average dose-response curve and determine EC50 values for phenanthrene. The average 314 dose-response curves for phenanthrene-only are presented in Figure 2 (together with dose-315 response curves for phenanthrene in the presence of CNTs), while the average 48 h EC50 value is 316 shown in Table 2 . Based on Cnominal and Cfree, the EC50 values were 342.1 µg/L (EC50,nominal) and 317 310.9 µg/L (EC50,free), respectively. The 48 h EC50 for 3-4 day old daphnids exposed to 318 phenanthrene was comparable to the 48 h EC50 values for <24 h old daphnids previously 319 reported (range from 230 µg/L to 550 µg/L).
25, 35-37 Although we observed comparability with 320 literature values for <24 h old daphnids, a detailed assessment of the implications of using 3-4 321
day old daphnids was not tested in the current study. 322
323
Phenanthrene toxicity in the presence of CNTs. In control exposures containing CNTs-only 324 (no phenanthrene), the immobilization of daphnids was <10% in all cases, indicating there was 325 no acute toxicity from any of the five CNT types at the concentrations tested ( Table 1) . Previous 326 studies have reported a 50% mortality (LC50) of D. magna (<24 h) exposed to MWCNTs 327 dispersed in NOM at concentrations of 2-2.5 mg/L.
18, 38 These LC50 concentrations are 328 comparable to the CNT concentrations used in the current study. However, they were achieved 329 after a 96 h exposure time rather than the recommended 48 h exposure time in the test guideline. 330
One of these studies also investigated D. magna (<24 h) mortality after 48 h, observing no 331 mortality even at 20 mg/L MWCNT exposure concentrations. 38 The absence of an acute toxic 332 response after 48 h and at the CNT concentrations employed in the current study therefore 333 appears comparable to previous studies despite the difference in age of the D. magna used. The 334 positive control samples contained daphnids exposed to phenanthrene-only (no CNTs) at 335 concentrations representing the calculated EC30 and EC70 from the phenanthrene-only tests. corresponding Cfree values ( Figure 2B, Table 2 ). The data show a significant increase in 360 phenanthrene toxicity in the presence of all CNT types when compared to phenanthrene-only. 361
Therefore, the study strongly indicates that the phenanthrene adsorbed to all five different CNT 362 types remained at least partially bioavailable and contributed directly to the observed toxicity. 363
Similarly, it has been observed that phenanthrene adsorbed to the fullerene C60 and to suspended 364 sediment remain bioavailable and contribute to toxicity when exposed to D. magna. 25, 37 365 Moreover, phenanthrene absorbed to the same CNTs as used in the current study remained 366 bioavailable to the algae P. subcapitata. properties did not significantly influence the mechanisms by which CNT-adsorbed phenanthrene 372 was bioavailable or toxic to D. magna. It has been previously suggested that aggregation, 373 expected to be higher for SWCNTs than MWCNTs due to the smaller diameter of SWCNTs, 374 influences CNT elimination rates from the organisms and therefore affects PAH bioavailability 375 to fish (Oryzias latipes and Pimephales promelas). 19, 24 Although the similar EC50,free values 376 determined for each CNT type in the current study does not support this hypothesis, the 377 importance of CNT aggregation behavior could vary for different organisms depending on their 378 exposure and uptake routes. The data for D. magna are comparable to our previous study with 379 freshwater algae (P. subcapitata), where no clear relationship was observed between any of the 380 CNT physicochemical properties evaluated and the EC50,free values determined.
11 It is interesting 381 to note that in both studies the hill slope of the dose-response curves were somewhat steeper for 382 MWCNT-15 compared to the other CNTs and phenanthrene-only.
11 This indicates there may be 383 some variation in the bioavailability of phenanthrene in the presence of the different CNTs, 384 despite the similar EC50,free observed for all CNTs. However, this would need further 385 investigation. The same observation regarding hill slope was made both for algae and for 386 daphnids, suggesting this possible variation in phenanthrene bioavailability is independent of the 387 organism exposed to the CNT/phenanthrene mixture, and more likely related to one or more of 388 the physicochemical differences between the test CNTs. 389
390
Optical microscopy images showed that CNTs were present in the digestive tracts of the 391 daphnids (Figure 3) . In some cases, CNT aggregates were observed attached to the surface of 392 the daphnids; however, these were easily removed or dislodged by slight movement of the 393 organisms with a pipette. As these surface-attached CNT aggregates were only occasionally 394 observed, their influence on phenanthrene bioavailability and toxicity to D. magna is considered 395 negligible when compared to the large quantity of ingested CNTs (observed in the gut). Uptake 396 of PAHs through biological membranes and by pelagic invertebrates by passive diffusion has 397 previously been reported. 39, 40 In the absence of CNTs, passive diffusion is considered the main 398 uptake route of dissolved phenanthrene by D. magna in the current study. In the presence of 399 CNTs, uptake by passive diffusion would be lower due to the lower Cfree. Thus, data from the 400 toxicity study indicate that another uptake route contributed to the toxicity. Ingestion of CNTs by 401 daphnids appears to represent an alternative uptake route for phenanthrene, and the data suggest 402 that CNT-adsorbed phenanthrene must be desorbing from the CNTs when passing through the 403 digestive tract. Dissolved PAHs in aqueous systems will undergo adsorption or desorption to 404
CNTs in order to establish equilibrium. In the current study, no acute toxicity (immobilization) was observed due to the presence of the 418
CNTs at any of the dispersion concentrations employed. However, sublethal effects caused by 419
CNTs, and which may be compounded in the presence of phenanthrene, cannot be excluded. 420
Furthermore, the presence of CNTs in the exposure system may facilitate an increased uptake or 421 toxicological response to the dissolved phenanthrene fraction. Synergistic effects arising from 422 the mixture of CNTs and phenanthrene could therefore represent another mechanism responsible 423 for the increased toxicity based on Cfree observed in the current study. An insight into the role of 424 mixture toxicity could be gained by investigating other, more sensitive, endpoints for CNT 425 toxicity, or by employing different CNT concentrations in a study where phenanthrene 426 concentration remains constant. In the current study, no difference in toxicity was observed 427 between the different types of CNTs when evaluating Cfree. This implies that the contribution 428 from the CNTs to any mixture toxicity effect should be similar for all CNT types, irrespective of 429 their different properties and different dispersion concentrations (e.g. SWCNTs compared to 430 MWCNTs). This would be in contrast to previous studies where a higher toxicity for non-431
functionalized MWCNTs compared to functionalized MWCNTs has been reported for daphnids 432 (Ceriodaphnia dubia).
44 Furthermore, comparable observations were made in our previous study 433 where no difference in toxicity (based on Cfree) was observed between CNT types. Although the 434 combined effects of CNTs and phenanthrene could be a mechanism of toxicity, the data of our 435 current and previous study suggest that this alone cannot explain the increased toxicity observed 436 based on Cfree. 437
438
There are several similarities between the toxicity data in our current study and our previous 439 study with freshwater algae (P. subcapitata).
11 Most importantly, in the previous study a 440 significant reduction in algal toxicity was only observed when using Cnominal values in the 441 presence of SWCNT. However, when considering Cfree, an increase in algal toxicity compared to 442 phenanthrene-only control samples was observed in the presence of all CNTs, similar to the 443 observations made in the current study.
11 These similarities were observed despite the fact that 444 the exposure routes of CNT-adsorbed phenanthrene are significantly different for algae (e.g. 445 dietary exposure is not relevant). Attachment of algal cells to CNT aggregates with adsorbed 446 phenanthrene was believed to be of importance. In addition, a measurable reduction in Cfree due 447 to the presence of algae was observed, implying that desorption of phenanthrene from CNTs 448 could contribute to maintaining a higher Cfree. 11 In contrast, the current study found there was no 449 significant difference in Cfree in the presence and absence of D. magna in solutions with 450 phenanthrene-only ( Figure S6 ). Thus, desorption of phenanthrene from CNTs in the water phase 451
is not believed to significantly influence Cfree. It has been previously suggested that the presence 452 of NOM impedes desorption of PAHs from CNTs, thus reduces the PAH bioavailability to fish. 
